Both samples were then dialyzed versus demineralized water in the cold and aliquots withdrawn at intervals for viscosity and other measurements. After three hours, the viscosity of the control started to rise sharply, the value of [v] reaching 24 in 24 hr. In contrast to this, the enzyme-treated sample showed no significant changes in either viscosity or rotation during the period of the dialysis, [v] being 13.1 after 24 hr. A slight increase was noted in the optical rotation of the control, and the possible significance of this is under investigation. The results clearly demonstrate that the action of trypsin prevents end-to-end polymerization without appreciably altering the dimensions of the TC macromolecules.
21 Bensusan, H. B., Federation Proc., 18, 190 (1959) . 22 We are indebted to Dr. J. B. Stanbury, of the Massachusetts General Hospital, for supplying the I'll. 23 According to Grassmann (personal communication) the trypsin used by the Munich group in obtaining the S peptide was also not electrophoretically pure; it is possible that chymotrypsin, present as an impurity, may have been responsible for the result. 24 It is suggested that certain pathological processes such as lathyrism or the similar condition produced by lathyrogenic reagents (cf. Levene Investigation of various aldehyde dehydrogenases obtained from a variety of sources and representing a range of specificity has revealed at least two characteristics common and, in part, unique to the enzymatic oxidation of aldehydes. These include inhibition by low concentrations of arsenite" 2 and the aldehyde substrate.3 4 The susceptibility to arsenite has been ascribed to the presence of closely juxtaposed sulfhydryl groups on the protein; lipoic acid has been ruled out as a participant.2 A distinct possibility in accounting for arsenite inhibition involves a structure with two cysteine moieties brought into proper position by the helical coiling of an amino acid chain. This interpretation is strengthened by the observation that a dimercaptan is able to reverse the inhibition. Indeed, in those cases where aldehyde dehydrogenase activity is manifest in the absence of exogenous sulfhydryl compounds, arsenite was inhibitory only in the presence of a mercaptan.
I
A means of investigating the site of attachment of the two substrates, aldehyde and pyridine nucleotide, became available when it was observed that proteolytic destruction of a TPN linked succinic semialdehyde dehydrogenase by trypsin was dependent upon the addition of pyridine nucleotide. Using susceptibility to trypsin digestion as a criterion of pyridine nucleotide binding, the attachment of substrates to enzyme were investigated. The data to be presented indicate that TPN is not bound to an enzyme sulfhydryl group. On the basis of this and several other observations, mechanisms for the enzymic oxidation of aldehyde are discussed.
Materials and Methods.-Purification methods for the two succinic semialdehyde dehydrogenases, referred to here as the DPN-enzyme and the TPN-enzyme, respectively, have been presented.5 The TPN-enzyme, used for most of these studies, represents the combined eluates from an N,N-diethylaminoethylcellulose. column (Fraction 115) with a specific activity of approximately 400. 6 The enzyme was also active with DPN at a much lower rate.5
The DPN-enzyme represents Fraction 85 and had a specific activity of approximately 500.7 This enzyme was also active, although at a much lower rate, with TPN. 5 Crystalline preparations of soybean trypsin inhibitor and salt-free trypsin, as well as a preparation of diaphorase from Clostridium kluyveri, were obtained from the Worthington Biochemical Corporation. Analogues of DPN were products of Pabst Laboratories.
Succinic semialdehyde dehydrogenase activity was determined by methods previously outlined.5
Radioactivity was measured with a Packard liquid scintillation spectrometer. A 0.1 ml aliquot of aqueous sample was added to 9.9 ml of the following solution: toluene, 8 ml; absolute ethanol, 1.9 ml; 2,5-diphenyloxazole, 40 mg; 1,4-bis-2-(5-phenyloxazolyl)-benzene, 5 mg.
Results.-Effect of pyridine nucleotide: As shown in Figure 1 , proteolysis of the TPN-enzyme by trypsin is slow in the absence of pyridine nucleotide, faster with the addition of DPN and rapid in the presence of TPN. Since this unusual order of activity of the pyridine nucleotides is reflected in the rate of catalysis of the enzyme, it seemed that binding for both activities might take place at the same site on the protein. (5) conditions. t Effect of 2 mM pyridine nucleotide upon the standard assay which was modified in that 0.5 mM DPN replaced TPN. This change was made because the analogues of DPN had a low affinity for the enzyme as compared with TPN.
t Conditions were as detailed for Fig. 1 except that a pyridine nucleotide concentration of 2 mM was used and that the reaction was terminated after 4 minutes of incubation.
The results summarized in Table 1 were obtained when a variety of pyridine nucleotides were compared. TPN, DPN, and deamino-DPN are substrates of the enzyme and each is capable of increasing the rate of proteolysis. Acetylpyridine-DPN and acetylpyridine deamino-DPN are also effective in stimulating trypsin catalyzed inactivation, although neither serves as a substrate. Each of the latter group of pyridine nucleotides has an affinity for the enzyme as demonstrated by inhibition of catalytic activity. Since each of the compounds tested as an inhibitor was added at a concentration 4-fold greater than DPN (Table 1) , and since DPN was present at a concentration not sufficient for enzyme saturation, the increase in The reaction was initiated by the addition of hibitor and appropriate aliquots were taken for succinic semialdehyde and the reaction was determination of residual enzyme activity in followed for a period of one minute with a rethe standard assay system. cording Cary spectrophotometer. With arsenite (*) and in the absence of arsenite (0).
activity caused by deamino-DPN is assumed to be due to the greater concentration of pyridine nucleotide available as substrate. The suggestion is made that the combination of pyridine nucleotide and enzyme results in an intramolecular rearrangement of the protein exposing a bond labile to trypsin. Arsenite, p-chloromercuribenzoate, and succinic semialdehyde, two inhibitors and a substrate of the enzyme, respectively, were also examined for their effect on the rate of proteolysis. In the absence of pyridine nucleotide, none of these compounds influences the rate of inactivation ( Incubation conditions and assay were similar to that employed for Fig. 1 differing only in that 7.1 units of enzyme and an incubation period of 5 minutes was used. Prior to the addition of trypsin, the inhibitor and the substrate were preincubated with enzyme for 20 minutes. Where applicable 1 mM TPN was included and was present during the incubation period. After the addition of trypsin inhibitor and prior to assay, arsenite was effectively removed by incubation for 10 minutes in 10 mM 2,3-dimercapto-i-propanol. Similarly, p-chloromercuribenzoate was eliminated by incubation with 10 mM mercaptoethanol. Incubation at 230 in a total volume of 0.6 ml containing 10 units of the DPN-enzyme, 0.01 mg of trypsin, 50 pmoles of tris (hydroxymethyl)aminomethane chloride at pH 8.0, 5 moles of mercaptoethanol and the additions noted above. The reaction was terminated with 0.4 mg of trypsin inhibitor and appropriate aliquots were taken for the determination of residual enzyme activity.
Hydride shift mechanism: An attempt was made to determine whether the hydrogen transfer from succinic semialdehyde to pyridine nucleotide involves a hydride ion or whether an exchangeable hydrogen participates. Levy et al. 10 have presented evidence for the former mechanism in the case of a liver aldehyde dehydrogenase.
Accordingly, the oxidation of succinic semialdehyde was allowed to proceed in tritiated water with the object of measuring tritium incorporation into pyridine nucleotide. After removal of easily exchangeable tritium by repeated equilibration PROC. N. A. S.
with and removal of water, DPNT formed during the oxidation was allowed to equilibrate with water in an exchange reaction catalyzed by diaphorase.11 ' 12 Fifteen units of the TPN-enzyme, 5 pmoles of mercaptoethanol, lOM moles tris(hydroxymethyl) aminomethane chloride at pH 9.0, 4 jtmoles of DPN,"1 and 2 Amoles of succinic semialdehyde in a total volume of 1.0 ml of tritiated water containing 20 me of tritium, were incubated at approximately 23°. After two hours of incubation, an additional 2 ,umoles of succinic semialdehyde were added. After a total of 5 hours an aliquot was removed for the determination of DPNH (3.75 4moles had been formed) and the solution was frozen and lyophilized. Two ml of water were added, the mixture frozen and again lyophilized. This procedure was repeated seven times. A control reaction, included in parallel with the above experiment, differed only in that an equal amount of boiled enzyme was substituted. At each of the last three lyophilization steps, the water recovered from both the control and the experimental vessels contained approximately 0.01 MAatom of tritium. After the eight lyophilization, each of the dried powders was found to contain 0.12 ,atom of tritium.
Since 2.75 ,uatoms would have been the theoretical expected yield from the experimental vessel, the results clearly point to a direct hydride transfer of the type amply documented'4 for most dehydrogenages. Incubation of each of the residues for six hours with 0.5 ml of water and 2 mg of diaphorase followed by lyophilization, allowed the accumulation of 0.017 and 0.014 jiatom of tritium for the experimental and the control vessel, respectively, a result in keeping with the above conclusion.
Discussion. Based on the assumption that the binding of TPN is the same for catalytic activity of succinic semialdehyde dehydrogenase and for "activation" of proteolysis by trypsin, the data presented here indicate that TPN is not bound to a sulfhydryl group of the enzyme. Under conditions where reduced disulfide groups (arsenite inhibition) and all other available sulfhydryl groups (p-chloro-mercuribenzoate inhibition) are occupied, TPN still serves to increase the rate of proteolytic inactivation. Furthermore, TPN does not compete with arsenite for a place on the enzyme.
Previous work has indicated several properties which are held in common by the aldehyde dehydrogenases. With regard to the TPN linked succinic semialdehyde dehydrogenase the following characteristics, many of which are applicable to aldehyde dehydrogenases in general, must be considered: (1) A ternary complex is formed between enzyme, pyridine nucleotide, and aldehyde." 15 (2) Arsenite inhibits catalysis suggesting the presence of closely positioned sulfhydryl groups. " 2, 4, 5 (3) Aldehyde and arsenite compete for the sulfhydryl groups involved. (4) Increasing concentrations of aldehyde are inhibitory3'5; where this has been tested it was found that only those aldehydes which act as substrates were inhibitory at the relatively low concentrations used.4 (5) Pyridine nucleotide is not bound to a sulfhydryl group of the enzyme. (6) Hydrogen transfer from aldehyde to pyridine nucleotide involves a hydride ion rather than a proton. 10 By these criteria it has been possible to rule out a mechanism which is broadly analogous to that proposed for lipoate mediated reactions, 16 17 i.e., one involving the addition of an aldehyde across a disulfide bond resulting in the formation of a thiolester with subsequent hydrolysis followed by the pyridine nucleotide linked oxidation of the two SH groups. Such a sequence would allow equilibration with water of a proton on the SH group and is, therefore, untenable. The mechanism outlined cannot be distinguished from one in which intermediate B is oxidized directly to a thiolester followed by hydrolysis,'8 i.e., where only one sulfhydryl group participates directly. Both of these sequences, therefore, bear consideration as simple approximations which are in agreement with the data now available.
Summary.-When pyridine nucleotides combine with succinic semialdehyde dehydrogenase the enzyme is rapidly inactivated by trypsin; inactivation in the absence of pyridine nucleotide is slow. This phenomenon has been utilized to study the binding of the substrates to the enzyme. Some characteristics of arsenitesensitive aldehyde dehydrogenases are described and simple approximations of reaction mechanisms are proposed. The fate of most major plant products, such as carbohydrates, fats, and proteins, is well known. They are synthesized from CO2, H20, and mineral compounds, and ultimately are broken down to CO2 and H20 again along well-known biochemical pathways. Only the breakdown of cellulose and lignin to humus products is less well understood.
Organic Volatile Matter in Atmosphere.-The fate of one major group of plant products, the derivatives of isoprene (terpenes, including sesqui-, di-and triterpenes, carotenoids, rubber and phytol) is, however, almost completely unknown. In the plant no enzymes are known that are able to break down these hydrocarbons or nearhydrocarbons. Once produced, they remain in the plant until the death of the cell or evaporate into the air. Even after release from the cell, nothing is known about their fate.
In the case of rubber, it is known that with age a certain degree of depolymerization of the long hydrocarbon chains occurs, leading to a sticky resin-like material containing some volatile products. Neither rubber, nor terpenes, nor carotenoids are attacked by any known microorganisms. About carotenoids, we know that when crystalline p3-carotene is left exposed to the air it gradually decomposes to a white powder. This is due to autoxidation.I Each mole of carotene gives off 0.64-0.85 mole CO2. In an earlier paper, Escher2 showed that in carotene oxidation a catalytic agent is formed which causes it to deteriorate more rapidly once it has started. The 02 taken up did not agree with the oxygen content of the oxidation product, indicating that part of the carotene had been volatilized during its oxidation. Actually a strong odor of ionone develops upon the autoxidation of carotene (the end-rings of the carotene molecule when split off would produce ionone).
There are indications that in nature this type of decomposition of carotenoids also occurs. An aerial epiphytic alga, Trentepohlia, is brilliantly brown-orange in color and is very rich in ,f-carotene (personal communication of Dr. L. Zechmeister). When these algae are kept dry in the laboratory, they decolorize and turn a grayish white, giving off a strongly aromatic odor. The Trentepohlia occurring in Central
